Adaptation to starvation is integral to the Leishmania life cycle. The parasite can survive 21 prolonged periods of nutrient deprivation both in vitro and in vivo and starvation plays a 22
crucial role in the differentiation of the parasite from the non-infective promastigote form to 23 infective metacyclics. The identification of parasite proteins synthesised during starvation is 24 key to unravelling the molecular mechanisms facilitating adaptation to these conditions and 25 the associated lifecycle differentiation. Additionally, as stress adaptation mechanisms in 26
Leishmania are linked to virulence as well as infectivity, profiling of the complete repertoire of 27
Newly Synthesized Proteins (NSPs) under starvation is important for drug target discovery. 28
However, differential identification and quantitation of low abundance, starvation-specific 29
NSPs from the larger background of the pre-existing parasite proteome has proven difficult, 30 as this demands a highly selective and sensitive methodology. Herein we introduce an 31 integrated chemical proteomics method in L. mexicana promastigotes that involves a 32 powerful combination of the BONCAT technique and iTRAQ 4-plex quantitative proteomics 33
Mass Spectrometry (MS), which enabled temporally resolved quantitative profiling of de 34 novo protein synthesis in the starving parasite. Uniquely, this approach integrates the high 35 specificity of the BONCAT technique for the NSPs, with the high sensitivity and multiplexed 36 quantitation capability of the iTRAQ proteomics MS. Proof-of-concept experiments identified 37 a total of 166 NSPs in the parasite and quantified the relative changes in abundance of 38 these proteins as a function of duration of starvation. Our results show a starvation time-39 dependent differential expression of important translation regulators. GO analysis of the 40 identified NSPs for Biological Process revealed translation (enrichment P value 6.93e -67 ) and 41 peptide biosynthetic process (enrichment P value 1.85e -66 ) as extremely significantly 42 enriched terms indicating the high specificity of the NSP towards regulation of protein 43 synthesis. We believe that this approach will find wide-spread use in the study of the 44 developmental stages of Leishmania species and in the broader field of protozoan biology. 45 Introduction evolved mechanisms to adapt to and surmount large fluctuations in nutrient availability [3] [4] [5] . 73
Nutrient starvation is also known to be critical for metacyclogenesis, a process that involves 74 differentiation of non-infective procyclic promastigotes to the infective metacyclic 75 promastigote stage in the sandfly vector [6, 7] . However, the key proteins involved in the 76 starvation-adaptation mechanisms of the parasite remains unknown and the identification 77 and quantitation of proteins synthesised de novo during starvation is critical to develop 78 understanding of these. Progress in this direction has been hampered by technical 79 limitations; the lack of availability of a robust and sensitive method that can differentiate and 80 characterise the de novo synthesised proteins during starvation from the complex cellular 81 background of pre-existing proteome being the major bottleneck. Herein we describe a 82 combination of the bio-orthogonal non-canonical amino acid tagging (BONCAT) [8, 9] 83 technology and isobaric tags for relative and absolute quantification (iTRAQ) quantitative 84 mass-spectrometry (MS) proteomics [10, 11] to quantitatively profile the newly synthesised 85 proteome (NSP) of Leishmania mexicana promastigotes during starvation. 86
Regulation of eukaryotic gene expression involves a coordinated network of molecular 87 processes staring with initiation of transcription, followed by post-transcriptional regulatory 88 mechanisms. Processing of the primary transcript-RNAs essentially involves three steps 89 namely capping, where a 7-methylguanosine moiety modifies the 5' end, and 90 polyadenylation, where a poly-A tail is added at the 3' end, and finally removal of the intron 91 sequences via splicing. The processed RNAs (mRNAs) are then transported to the 92 cytoplasm for the translation to take place. The transcripts interact with several proteins to 93 form messenger ribonucleoprotein complexes (mRNPs), which regulate many aspects of 94 mRNA stability and function. Intriguingly, regulation of gene expression in Leishmania spp., 95 and other similar kinetoplastids, is fundamentally different from other eukaryotes [12] [13] [14] .
As 96 the open reading frames of genes in these parasites are arranged in long polycistronic 97 clusters, RNA polymerase II-dependent regulation of transcription initiation does not occur 98 and instead, monocistronic mRNAs are generated by a trans-splicing mechanism and 99 azide-alkyne cycloaddition (CuAAC) click reaction [18] with a capture reagent bearing the 127 orthogonal functionality to the tag (alkyne vs. azide and vice versa). Additionally, in order to 128 get a temporally resolved quantitative information of the effect of starvation on the protein 129 synthesis in the parasite, we decided to couple the BONCAT approach with iTRAQ 130 quantitative proteomics MS [10] . The iTRAQ, similar to the tandem mass tag (TMT) 131 quantitative proteomics [19] , is a peptide-level labelling approach that offers sample 132 multiplexing. Importantly, the multiplexed isobaric tags provide an advantage of pooling of 133 peptide signals across the different test conditions, which increases the sensitivity of 134 detection of even low-abundant peptides [20, 21] . Using a combination of BONCAT and 135 iTRAQ-4plex quantitative MS, we have identified and quantified a total of 166 NSPs in L. 136
mexicana promastigotes under starvation. The iTRAQ 4-plex platform enabled profiling of 137 relative quantitative changes in the abundance of the NSPs at three different time points 138 after the onset of starvation in the parasite. Subsequent gene ontology (GO) analysis of the 139 data sets revealed significant enrichment of proteins involved in regulating protein translation 140 in the parasite. This is the first quantitative proteomics study that revealed the NSPs along 141 with their temporally resolved quantitative expression changes during starvation in 142
Leishmania. 143 The promastigotes in T-25 flasks were grown to mid log phase (~5 x 10 6 parasites/mL) and 176 washed with methionine-free Schneider's medium supplemented with 10% dialysed FBS. 177
The parasites were then incubated with methionine-free Schneider's medium supplemented 178 with 10% dialysed FBS for 30 minutes to deplete the intracellular methionine reserves. The 179 parasites were labelled with AHA (100µM and 1mM) in fresh methionine-free Schneider's 180 medium supplemented with 10% dialysed FBS for 1 hour with or without CHX (10µM). In 181 order to induce starvation, the parasites, after the initial 30 minutes of methionine depletion, 182 were incubated with DPBS for different duration (1 hour to 7 hour) and treated with AHA 183 DMSO)] for 3 hours at room temperature. Proteins were precipitated by adding methanol (4 196 volumes), chloroform (1.5 volumes) and water (3 volumes) and collected by centrifugation at 197 16,000 g for 5 minutes. The protein precipitates were washed twice with methanol (10 198 volumes; centrifugation at 16,000 g for 5 minutes to collect the pellets) and the supernatants 199 were discarded. The protein pellets were air-dried at room temperature for 20 minutes and 200 stored in -80 o C freezer. 201
In-gel fluorescence scanning 202
The air-dried protein pellets were suspended in resuspension buffer (4% SDS, 50mM 203 HEPES pH 7.4, 150mM NaCl) to 1.33mg/mL final concentration. 4X Laemmli Sample Buffer 204 (reducing) was added so that the final protein concentration was 1mg/mL. The samples were 205 then boiled at 95 o C for 8 minutes and allowed to cool to room temperature. The proteins 206
were resolved by SDS-PAGE (12% SDS Tris-HCl gels; 20µg of protein was loaded per gel 207 lane). The gels were scanned for fluorescence labelling using a GE typhoon 5400 gel 208 imager. 209
Affinity enrichment 210
The air-dried protein pellets obtained after click chemistry and protein precipitation were 211 dissolved in phosphate buffered saline (PBS) with 2% SDS to 5mg/mL concentration by 212 sonication. In a typical experiment, 300µg of the parasite lysate after click chemistry and 213 protein precipitation was resuspended in 50µL of the 2% SDS buffer. The samples were the 214 diluted 20-fold with PBS so that the final SDS amount was 0.1%. The samples were 215 centrifuged at 10,000 g for 5 minutes to remove insoluble debris and the clear soluble 216 portion was used for the affinity enrichment. Typically, 30µL of NeutrAvidin-Agarose beads, 217 freshly washed three times with 0.1% SDS buffer (0.1% SDS in PBS), were added to each of 218 the sample and the mixtures were rotated on an end-over-end rotating shaker for 2 hours at 219 room temperature. The beads were then washed 3 times with 1% SDS in PBS, 3 times with 220 6M urea in PBS, 3 times with PBS and once with 25mM TEAB buffer. Each washing was 221 performed with 20 volumes of the washing solutions with respect to the bead volume and 222 centrifugation of the beads between washing steps were carried out at 2,000 g for 1 minute 223 at room temperature. 224
On-bead reduction, alkylation and tryptic digestion 225
The beads after affinity enrichment were resuspended in 150µl of 25mM TEAB buffer and 226 200µl of fresh 50mM TEAB buffer and treated with 5µg of sequencing grade modified trypsin 231 at 37 o C for 16 hours. The samples were centrifuged at 5,000 g for 5 minutes at room 232 temperature to collect the supernatant. The beads were washed twice with 50% (v/v) ACN 233 containing 0.1% (v/v) FA (50 µL for each wash) and mixed with the previous supernatant. 234
The collected tryptic peptides were acidified to pH 3 using FA and evaporated to dryness. 235
The peptides were then redissolved in 0.1% (v/v) FA solution in water and subjected to 236 
Results

302
AHA is metabolically incorporated into NSPs in L. mexicana promastigotes 303
Although the BONCAT approach has been extensively applied in mammalian cells, reports 304 are relatively few in lower eukaryotes. Therefore, we first decided to test if AHA is 305 metabolically incorporated into NSPs in L. mexicana promastigotes. As AHA is a methionine 306 surrogate, successful application of the BONCAT technique often requires depleting of L-307 methionine from the intracellular methionine reserves, and this is accomplished by 308 maintaining the cells in a methionine-free medium for a short duration. We treated L. mexicana promastigotes in methionine-free Schneider's medium with 10% dialysed FBS for 310 30 minutes prior to incubation with AHA in the same medium for 1 hour. Treatment of protein 311 synthesis inhibitor, cycloheximide (CHX), was used as a control. The parasite lysates were 312 subjected to click reaction with a TAMRA-Alkyne reagent (S1 Figure) and the proteins after 313 precipitation and re-solubilisation were resolved on SDS-PAGE and profiled via in-gel 314 fluorescence scanning ( Fig 1B) . As shown in Fig 1C, along with Protein function unknown as the most abundant classifications ( Fig 4B) . The top-378 15 proteins with the highest changes in their abundance at each of the three tested duration 379 of starvation are listed in the Table 1 (S2 Table, S3 Table and S4 Table report the top-50 380
NSPs identified at 1 hour, 2 hour and 3 hour starvation respectively). As shown in Table 1 , 381 many translation regulating proteins were observed among the top-ranking proteins at all 382 three tested durations of starvation. Importantly, whilst the elongation initiation factor 2 alpha Although the alternative, ribosome profiling [33,34] is emerging as a powerful method for 453 global profiling of protein translation, MS-based proteomics, comparatively, provides a more 454 direct, and therefore more reliable, readout of the cellular proteome and its changes under 455 different perturbations [35] . Proteins are more robust during sample handling, whilst every 456 step in the experimental protocols of ribosome profiling from cell lysis to nuclease digestion 457 to library generation is likely to cause distortions in the data [36] . The use of translational 458 inhibitors during ribosome profiling is also known to affect the local distribution of ribosomes 459 on mRNAs [37] . Additionally, false readout of translation due to contaminating ribosomal 460 RNA (rRNA) fragments is a common occurrence in ribosome profiling [38] . In a starvation 461 condition, when the global translation levels are low, the rRNA contaminating fragments view. For instance, the kinetoplast membrane protein-11, a protein that is conserved in all 478 kinetoplastids, has been characterised as a virulence factor in L. amazonensis infection and 479 is investigated as a vaccine candidate [41] . Importantly, the expression of this protein has 480 been previously reported to be upregulated during metacyclogenesis [42] . Another important 481 protein, activated protein kinase c receptor (LACK), has been reported to act as a T-cell 482 epitope, and was proposed as yet another potential candidate for vaccine development [43] . 483
Another top-ranking protein, tryparedoxin peroxidase, is an important enzyme the parasite 484 relies on for detoxifying reactive oxygen species [44] . This protein has been found to be 485 Our results indicate that Translation, ribosome structure and biogenesis and 490
Posttranslational modifications, protein turnover and chaperons were among the most 491 representative enriched functional annotations of the NSPs identified. This is in congruence 492 with the previous finding that Leishmania exerts an increased level of control on translation 493 during stress conditions [40] . A higher level control on translation is expected under 494 starvation as translation is energetically a costly process for the cell [48] , and therefore the 495 parasite has to rely on an increased level of control on translation, and potentially 496 posttranslational mechanisms as well, for conserving the available limited nutrient resources, 497 and to optimise and appropriately regulate protein synthesis to avoid generating toxic protein 498 forms. This is the first study that comprehensively and quantitatively profiled the NSPs 499 during starvation in Leishmania. It is, however, important to note that despite the recent 500 advancements in the genome sequencing of several Leishmania strains, a major portion of 501 the predicted parasite proteome remain functionally unannotated and termed 502 uncharacterised. Nevertheless, bioinformatics methods such as protein-protein interaction 503 mapping [49], domain identification [50] and structural homology modelling [51] are making 504 advancements in the protein functional annotation efforts. Therefore, we believe that along 505 with future developments in more detailed functional characterisation of the Leishmania 506 proteome, our results will provide additional insights into the molecular mechanisms involved 507 in regulating the gene expression under severe starvation in the protozoan. Regulation of 508 protein synthesis in kinetoplastids is currently poorly understood. Our method introduces a 509 powerful platform for studying the protein synthesis in the parasites in a temporally resolved, 510 quantitative and high-throughput manner. It is anticipated that our methodology will find 511 wide-spread applications in the kinetoplastida parasites and in the broader area of NTD, and 512 the results from this study will serve as a starting point for future studies to unravel the 513 starvation-adaptation mechanisms in different life cycle stages in these parasites. 
